Abstract: Electrokinetic potential (zeta potential) for selected 21 polymer foils was studied. The results on zeta potential are supplemented with contact angle measurements (goniometry) and with the results on surface roughness measured by atomic force microscopy (AFM). Zeta potential was determined using two approaches: streaming current and streaming potential at pH=6.0-6.2. Two electrolyte solutions with KCl (concentrations 0.001 and 0.005 mol/dm 3 ) and KNO 3 (0.001 mol/dm 3 ) were used in the experiments. Zeta potential was shown to depend on surface chemistry, polarity, roughness and morphology of the polymer foils.
Introduction
In most of heterogeneous systems consisting of solid material in liquid medium the phase interface exhibits an electrical charge. The charge can play an important role in stability of these systems and in their behavior in liquid surrounding. The electrical charge at solid-liquid interface is a key parameter for surface science and engineering. The electrical charge at the interface can be caused by several mechanisms: (i) ionization or dissociation of surface groups of surface layers, e.g. either dissociation of a proton from a carboxylic group, which leaves the surface with a negative charge or contrary by divulsion of OH -groups which generates the positively charged surface,
(ii) preferential solution of some ions of crystal lattice in contact with liquid, (iii) preferential adsorption of some ions from the solution on initially uncharged surface, e.g. adsorption of either hydroxide or hydronium ions created by the enhanced autolysis of water at the surface, (iv) isomorphic substitution of ions of a higher valence by ions of lower valence in the case of clay minerals (e.g. Si 4+ for Al 3+ ),
(v) accumulation of electrons in the case of metal-solution interface, etc. [1] [2] [3] .
Polymers exhibit the first or the third type of mechanisms depending on their surface chemistry. Dissociation of the surface groups is a common charging mechanism in the case of latex particles, which are frequently used in biomedical applications [1] . The adsorption of hydroxide ions created by enhanced autolysis of water at hydrophobic surfaces may be the reason for the hitherto unexplained charge of hydrophobic micro-fluidic substrates [2] [3] [4] .
When the surface is charged, then it can attract ions of opposite charge (counterions) from the liquid. In this way the electrical double layer is created, consisting of two oppositely charged layers. The counter-ions are bonded to the surface either by electrostatic or adsorption forces. Between the surface and volume liquid phase is a potential gradient of the same charge as the surface charge. Potential of volume liquid phase is equal to zero. When the liquid flows along the solid surface, the electrical double layer divides. Inner layer (the solid phase) does not move, and adsorbed or bonded counter ions, while the outer layer flows along. The potential created at this mobile interface is known as electrokinetic potential or zeta potential (ζ-potential).
The behavior at hydrophobic and hydrophilic polymer surfaces is quite different. While on hydrophobic surface the surfactants displace water from the solid surface, it cannot displace water from the hydrophilic surface. In that case adsorption occurs mainly by electrostatic interactions between the surfactant "head" group and the surface groups [5] .
Zeta potential is a characteristic parameter for description of solid surface chemistry.
It is an important physico-chemical property of polymers, cellulose [5, 6] , glass, metals, textile fabrics [7] , wafers, ceramics [8] and their different modifications, (chemical or physical), giving information about chemistry, polarity, swelling and other surface characteristics. Zeta potential is used for characterization of natural and synthetic fibres and in investigation of their hydrophilicity, which is important for their interactions with dyes and surfactants [5, 6, 9] . It is also important for research of membranes, filters [10, 11] , pristine polymers [12, 13] or polymers modified by plasma [13] [14] [15] [16] , by laser or by chemical coatings, e.g. by chitosan [14] , biphenyldithiol [15] , polyethyleneglycol [16] or by gold coatings [15] .
The ζ-potential measurement is advantageously used as one of methods for characterization of various materials [12, 13, 15, 16] . The ζ-potential measurements often supplement other analysis characterized surface properties, as X-ray photoelectron spectroscopy (XPS) [15] , goniometry [12] [13] [14] [15] [16] [17] [18] , with AFM determination [12, 15, 18, 19] or with other measurements [15, 18] .
While the determination of ζ-potential on colloidal samples is quite frequent there are only little studies accomplished on flat samples, and especially data on "common" polymer foils are missing. Survey of ζ-potentials for some polymers is given in [20] .
While presentation of zeta potential of colloidal systems is extensive, zeta potential of flat samples is not. In this work we tested 21 planar polymer. The ζ-potential of polymer foils are important for physics and chemistry of surfaces, for electronics, material science, or even biology and medicine [21] . To investigate the influence of counter-ion type and concentration on ζ-potential determination, two monovalent (symmetric) electrolytes KCl and KNO 3 were used, because monovalent cations are more suitable. Zeta potential is supplemented by contact angle (goniometry) and by surface roughness and morphology (AFM).
Results and discussion

Zeta potential measurement
As it is discussed above, zeta potential depends on counter-ion type and valence, but these effects do not play a role in the case of potassium and sodium counter-ion and (Fig. 3) . Obtained results correspond with others presented previously [22, 23] . Figs. 1-3 present ζ-potentials of 21 polymer foils determined by 2 approaches and calculated by both of equations, eq. 1 (HS, black columns) and eq. 2 (FM, red columns). Polypropylene (PP) is also shown after plasma treatment for 120 s as a representative of plasma effect to polymer surface properties [24] and also zeta potential value. It is evident that ζ-potential is suitable for characterization and distinction of polymer foils. Both of used electrolytes in these concentrations are applicable for determination of ζ-potential of polymers. Results for both electrolytes have the same trend, but the absolute values differ for particular electrolytes and individual concentrations. It is in agreement with previously presented studies for silica, glass and some polymers [20, 22] . Comparison of results presented for two concentrations of KCl presented in Figs. 1 and 2 shows the ζ-potential is an increasing function of electrolyte concentration, which corresponds to results presented previously for other systems [2, 20, 22, 25, 26] . Most of the used polymers are thought to be chemically inert, without reactive surface groups and displaying negative ζ -potential at neutral pH. Polymers under our study can be divided into two groups: (i) those with some functional groups on the surface disposed to dissociation in contact with electrolyte (Nafion) and (ii) others without any functional groups on the surface. The ζ-potential of these polymer foils is generated mostly by the preferential adsorption OH -or H 3 O + ions on the surface. Zeta potential value and the differences between individual polymers are given only by the differential adsorption range depending on polarity or non-polarity of individual polymers. Our study confirmed the one previously presented [27] , that interfacial charge at the non-polar polymer is caused by the preferential adsorption of OH -ions and less strongly adsorbed H 3 O + ions in KCl solution. K + and Cl -ions behave indifferently at these non-polar polymer surfaces in comparison with polar ones. This effect is apparent from Figs. 1-3, the non-polar polymers have the lower ζ-potential values. In some cases ζ-potentials as polar and non-polar polymers can be the same, e.g. for polar PET and non-polar PE (HDPE or LDPE). Possible explanation could be found in our previous study [28] and it can be connected with oxygen containing molecular segments oriented toward the polymer bulk. The highest ζ-potential value exhibits Nafion, which contains the functional sulfonic acid groups on its surface, which are able to dissociate in contact with water solution of electrolyte.
The higher ζ-potentials are found on polar polymers without any functional surface groups (e.g. PLLA). The lowest ζ-potentials embody non-polar polymers (e.g. PTFE, PP, PE). Polymers of similar surface chemistry exhibit similar ζ-potentials, e.g. three samples of PTFE foils differing only in the thickness, or HDPE and LDPE. Fig. 3 . Zeta potential of polymers measured in 0.001 mol/dm 3 KNO 3 electrolyte and calculated by eq. 1 (HS, black columns) and by eq. 2 (FM, red columns).
Zeta potential was determined also on PP modified by plasma discharge for 120 s. Present results (Figs. 1-3 ) confirm our previous ones, i.e. that the plasma modification of polymer surfaces leads to dramatic change of surface chemistry (e.g. chains and bonds scission, ablation, oxidation and cross-linking) and creation of polar groups, which result in dramatic increase of the ζ-potential [13, 15] . Therefore ζ-potential is suitable also for characterizing of modified polymer surfaces.
Also the chemical homogeneity or heterogeneity may play important role in ζ-potential determination [29] . We measured all samples twenty times for different items taking from different positions of polymer foils to confirm the foil chemical homogeneity. All samples, except Nafion, exhibit reasonable chemical homogeneity. For Nafion the ζ-potential varies from position to position from +15 to -48 mV, the variations indicating strong chemical heterogeneity of the sample (see Fig. 1 ).
Zeta potential of polymer foils is strongly affected by their surface roughness R a and other surface properties as well [12, 30] . Surface roughness R a of selected polymers determined by AFM is summarized in Table 1 . For confirmation of R a effect we used two approaches to determine ζ-potential two equations (eqs. 1 and 2) for calculation. Zeta potentials determined by streaming current and calculated by eq. (1) are presented in Figs. 1-3 by black columns (HS) , those determined by streaming potential calculated by eq. (2) as red columns (FM). For polymers, with higher R a , larger differences between both calculated values of ζ-potential are observed (e.g. on PTFE foils known to have the highest surface roughness). Also HDPE with higher roughness (see Table 1 ) exhibits more significant differences in ζ-potentials in comparison with LDPE (see Fig. 1 ).
From Figs. 1-3 it is also clear, that the differences between HS (black columns) and FM (red columns) calculations increase if the concentration is increased from 0.001 to 0.005 mol/dm 3 KCl. Large difference is found also for 0.001 mol/dm 3 KNO 3 . Therefore, the best for the study of ζ-potential on polymer foils seems to be usage of 0.001 mol/dm 3 KCl.
We compare our results with those presented previously by other authors. Many results cannot be compared in principle since the measurements were done using different techniques and quoted errors are often of opposite sign [22] or at different experimental conditions. Data on ζ-potential for polydimethylsiloxane, PC, PET, PMMA, PE, PS, polyvinylchloride, PTFE obtained by many authors and by different techniques were summarized in [22] . Zeta potential for PC and PMMA (-70 mV and -45 mV respectively) obtained with 0.001 mol/dm 3 KCl solution, pH=6 and at RT [20] are in reasonable agreement with ours (-77.6 and -65 mV respectively). Also ζ-potential for PTFE (-58 mV, 0.01 mol/dm 3 KCl [27] ) is in good agreement with our presented values (varying from -56.1 to -62.6 mV depending on the foil thickness). Another chance is to compare results for PET [31] , but this results were obtained for pH=5 and ζ-potential was -33.6 mV; it is lower than "our" (see Fig. 1 ) due to the pH dependence mentioned above.
Some polymers inclusive PC and PS have also been measured in 0.001 mol/dm 3 KCl, but in different analyzer [32] and the data are not comparable with present ones. In addition PS was not in form of foil and other polymers were used without purification and the results can be affected by contaminants (stabilizers) in the polymers.
Contact angle and surface roughness
As we discuss below, ζ-potential values are often correlated with contact angle measurements, It is known, that the ζ-potential is determined under electrolyte solution, while contact angle is measured for "pure" water. Therefore we also tested the influence of "type" electrolyte solutions on the contact angle. The similar study of effect of different solvents was presented earlier [33] . Contact angles of selected pristine polymers (some typical polar and non-polar polymers) are presented in Fig.  4a for distilled water (black squares) and solutions of 0.001 mol/dm 3 KCl (red circles) and KNO 3 (blue triangles). As we can see in Fig. 4a contact angle for pristine polymers obtained in all liquids give the same values.
We also tested the influence of these three liquids on the contact angle of polymer treated by plasma discharge, which results in dramatic changes in the surface chemistry of polymers [13, 15, 24] . The results for pristine and plasma modified PTFE as a function of plasma exposure time for distilled water (black squares) and solutions of 0.001 mol/dm 3 KCl (red circles) and KNO 3 (blue triangles) are shown in Fig. 4b . It is clear, that for the plasma treated PTFE, the effect of used liquid on contact angle measurement is significant. Fig. 4 . Dependence of the contact angle for pristine polymers (a) and for pristine PTFE and plasma treated PTFE (0-500 s) (b) measured in different liquids: distilled water (black squares), 0.001 mol/dm 3 KCl (red circles) and 0.001 mol/dm 3 KNO 3 (blue triangles).
Surface roughness R a of samples examined is presented in Table 1 Fig. 5 shows contact angle for all polymers measured in distilled water. A general trend is that the more polar polymers have lower contact angle (e.g. PMMA, PLLA, PA) and the non-polar polymers the higher contact angle (PTFE, HDPE, LDPE, PMP). Polymers of the same surface chemistry embody similar contact angle (e.g. HDPE and LDPE, all PTFE samples (PTFE/25-100 μm). From the comparison of surface roughness presented in Table 1 and of contact angle (Fig. 5) follows that the 8 polymers with lower R a (e.g. PET, PS and PP) exhibit higher wettability and vice versa. Most of polymers used in this study have no reactive surface groups in water solution and the surface charge arises due to preferential adsorption of hydroxide ions in water solutions. The adsorption on the polymer surface is a drive force for ζ-potential initiation. Because both (contact angle and ζ-potential) are connected to surface chemistry, some authors correlated these two characteristics. As we present in Fig.  6 , the comparison of the ζ-potential with contact angle and surface roughness from AFM does not result in a "smooth" picture (see Figs. 6a and 6b ). For polymers, for which the adsorption of OH -is predominant, the surface roughness plays the more important role in ζ-potential. As we can see, there is no simple relation between the ζ-potential and contact angle or surface roughness. Better correlation can be seen within the groups of chemically similar polymers (fluoropolymers, polyamides, polyimides, etc.).
Fig. 7. AFM scans of selected pristine polymers (for details see the text).
It is known the surface properties depend on each other and depend on many aspects [34, 35] . While the surface wettability (contact angle) depends on surface chemistry and surface polarity, the ζ-potential also on surface roughness and morphology as well and the direct correlation between ζ-potential and contact angle is not correct. It must be supplemented with surface chemistry.
Surface morphology
All surface properties are affected by the surface roughness and by the surface morphology. Surface morphology of studied polymer foils was obtained by AFM. Typical AFM scans of selected polymer foils are presented in Fig. 7 . We selected only representatives of the studied polymers, two of the highest surface roughness (HDPE and one of PTFE), two of the middle R a (Upilex R and PMP) and two of the lowest R a (PMMA and PET). From Fig. 7 it is clear the dramatic difference in surface morphology of the selected polymers, which can affect flow of the electrolyte along the sample surface, creation of electric double layer and also the ζ-potential. The results presented and discussed confirm the fact that the geometry-induced changes affect electroosmotic flow and the ζ-potential values [22, 29] .
Conclusions
The zeta potential of 21 polymer foils was determined and the effect of different electrolytes on the ζ-potential value was studied at constant pH and at room temperature for these flat polymer samples. These data were complemented with contact angle and surface roughness and morphology. Both of the tested electrolytes (KCl and KNO 3 ) are suitable for ζ-potential determination of polymers foils. Zeta potential is an increasing function of the electrolyte concentration. The best for the study of ζ-potential of planar polymer foils is 0.001 mol/dm 3 KCl electrolyte.
Polymers under study can be divided into two groups: (i) having some functional surface groups prone to dissociation in contact with electrolyte, (ii) without any functional group. For later ones the ζ-potential is generated only by the preferential adsorption range depending on polarity/non-polarity of individual polymer. Due to its properties the ζ-potential can be used as one of methods for characterizing surfaces of polymer. Also the chemical homogeneity/heterogeneity can be tested by the ζ-potential as was documented on Nafion.
Zeta potential of planar samples of polymer depends on same surface properties of samples (surface chemistry, wettability/polarity, surface roughness and morphology), as well as on electrolyte solution properties (counter-ion type, concentration and pH of electrolyte). Zeta potential cannot be correlated only with contact angle but also with surface roughness, morphology and chemistry. Contact angle of pristine polymer foils determined in distilled water as same as in KCl or KNO 3 solutions of 0.001 mol/dm 3 provide the same values. For plasma modified polymer foil surfaces contact angle in different solutions varies.
Experimental part
Materials and modification
The following polymers in form of foils were used in this study (supplied by Goodfellow Ltd., UK): low density polyethylene (LDPE, in the form of 30 μm thick foils), polyethyleneterephthalate (PET, 50 μm), polytetrafluoroethylene (PTFE, of thicknesses 100, 50 and 25 μm), polystyrene (PS, 30 μm), polypropylene (PP, 50 μm), polyamides (PA6 and PA66, both 40 μm), poly L-lactic acid (PLLA, 50 μm), polymethylpentene (PMP, 50 μm), polyimides (Upilex R, Upilex S and Kapton, all 50 μm), polyaramide (PAr, 10 μm), polybutylenterephthalate (PBT, 25 μm), poly(ethylene-2,6-naphthalene) (PEN, 7 μm), polymethylmetacrylate (PMMA, 7 μm), polycarbonate (PC, 2 mm), high density polyethylene (HDPE, 40 μm, supplied by Granitol Ltd., Czech Republic); polytetrafluoroethylene with perfluorovinyl pendant side chains ended by sulfonic acid groups (Nafion, 173 μm, manufacturer DuPont, USA).
Effect of different surface roughness of variable foil thicknesses was studied at PTFE (foils with different thickness and surface roughness). The effect of different surface chemistry at the same surface roughness was studied at PP (pristine and plasma treated). PP and PTFE were also modified in Ar + plasma discharge before ζ-potential determination. Plasma treatment was performed on Balzers SCD 050 device [13] . Exposure time for PP was 120 s and for PTFE was 0-500 s, discharge power was 8.3 W and the treatment was accomplished at room temperature.
Diagnostic techniques
Zeta potential of polymers was determined by SurPASS Instrument (Anton Paar, Graz Austria). Samples were studied inside the adjustable gap cell in contact with the electrolyte (0.001 and 0.005 mol/dm 3 KCl or 0.001 mol/dm 3 KNO 3 ). All measurements were accomplished in temperature range of 22-24 °C. Due to strong dependence of ζ-potential on pH, we measured at pH = 6.0-6.2. For each measurement a pair of polymer foils with the same top layer was fixed on two sample holders (with a cross section of 20x10 mm 2 and gap between 100 μm) [12] . All samples were measured twenty times with the relative error of ± 10%.
The samples to be studied by streaming potential/current measurements have to be mechanically and chemically stable in the aqueous solutions used for the experiment. First, the geometry of the plug must be consolidated in the measuring cell. This can be checked by rinsing with the equilibrium liquid through repeatedly applying increasing pressure in both directions until finding a constant signal [28] . Capacitance at the electrodes can lead to a long time constant for the system to reach equilibrium. Measurements must be conducted by ramping the pressure up and down to confirm that no hysteresis is observed [22] . 
B 0 apparent dp dU ,
where dU/dp, resp. dI/dp are slopes of streaming potential, resp. streaming current versus pressure p, η is an electrolyte viscosity, ε is a dielectric constant of electrolyte, ε 0 is a vacuum permittivity, L is a length of the streaming channel, A is a crosssection of the streaming channel (the rectangular gap between the planar samples), κ B is an electrolyte conductivity. The measured values of ∆p and ∆U or ∆I serve to calculate ζ-potential by the equations (1) and (2) [8, 32, 36] .
Contact angles of distilled water and of 0.001 mol/dm 3 water solutions of KCl and KNO 3 were measured at RT at two samples and at seven positions using a Surface Energy Evolution System (SEES, Masaryk University, Czech Republic). The static contact angle was measured for pristine and plasma-treated polymers immediately after the plasma treatment (<10 min delay). Drops of 8.0±0.2 μl volume were deposited using automatic pipette (Transferpette Electronic Brand, Germany) and their images were taken with 5 s delay. Then the contact angles were evaluated using SEES code [12] .
The surface morphology and surface roughness R a were examined by AFM microscopy. The AFM images were taken under ambient condition of a Digital Instruments VEECO CP II set-up. "Tapping mode" was chosen in preference to "Contact mode" to minimize damage to the samples surfaces. Si probe RTESPA-CP with the spring constant 20-80 N m -1 was used. By repeated measurements of the same region (2x2 μm 2 ) we proved that the surface morphology does not change after three consecutive scans. The mean roughness value (R a ) represents the arithmetic average of the deviations from the centre plane of the sample [12] .
